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Summary
Objectives: Radiographic osteoarthritis (ROA) has previously been shown to be associated with an increase in areal bone mineral density
(BMD) as assessed by dual energy X-ray absorptiometry (DXA). Here we have assessed volumetric bone density, size and strength by
peripheral quantitative computed tomography (pQCT) in a large population-based cohort study in which knee radiographs were available.
Methods: Two hundred and ninety-ﬁve men and 288 women from the MRC Hertfordshire Cohort Study underwent weight bearing extended
knee X-rays and bone density measurement of the ipsi-lateral knee using pQCT.
Results: Increasing radiographic grade in men but not women was associated with an increase in tibial total area at 38% site and cortical area
at 14% site, but not with volumetric BMD. The tibial fracture loads as well as tibial polar strength strain index at 38% site were also increased.
There were no signiﬁcant associations of tibia bone area, BMD or strength with radiographic grade in women.
Conclusion: ROA is not associated with an increase in volumetric BMD as assessed by pQCT. It is, however, associated with a signiﬁcant
increase in bone area and strength, indicating that the association between ROA and areal BMD is mediated through bone size rather
than volumetric BMD.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Both osteoarthritis and osteoporosis are prevalent in the
elderly population and are associated with increased mor-
bidity and substantial costs. Radiographic osteoarthritis
(OA) (ROA) of the knee is known to be associated with
increased areal bone mineral density (BMD) at the hip
and spine3,4. Despite the proven increase in BMD , there
is no associated reduction in fracture risk1,2. The reason
for this lack of protection is unclear. Although patients
with knee OA have an increased risk of falls5e8, this
does not appear to explain the lack of protection9. It is
possible that alterations in bone architecture or changes
in volumetric bone density are important.
Dual energy X-ray absorptiometry (DXA) provides a reli-
able estimate of areal bone density but is unable to differen-
tiate between cortical and trabecular bone or measure bone
strength. Peripheral quantitative computed tomography
(pQCT) has emerged as an excellent tool in the accurate
measurement of true volumetric BMD and allows isolated
measurement of cortical and trabecular bone as well as re-
liable estimates of bone strength10,11,13,14. In this study we
have investigated the association between radiological
knee OA and volumetric BMD as measured by pQCT.*Address correspondence and reprint requests to: Dr Maysam
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174Methods
We studied subjects from the MRC Hertfordshire Cohort Study: a large
population-based study designed to investigate the relationship between
growth in infancy and the development of adult disease. Details of the study
design have been published previously19. In brief, in the late 1990s, 3000
men and women were recruited to this study which included a home inter-
view and a subgroup (498 men and 468 women) underwent knee X-rays
and DXA scans for assessment of BMD. Ethical approval was obtained
from East and North Hertfordshire ethical committees and all participants
gave written informed consent.
In 2004e2005, a follow-up study was performed. Of the original cohort
of 498 men and 468 women, six subjects had moved away, eight had
died, 47 were no longer on general practitioner (GP) lists, 17 subjects
were unavailable and we were unable to obtain GP permission to approach
a further four subjects. Hence 437 men and 447 women were contacted by
letter; of these 322 men (74%) and 320 women (72%) agreed to attend a lo-
cal clinic, held at Welwyn Garden City. All subjects completed a comprehen-
sive medical and lifestyle questionnaire detailing their socio-economic
status, medical history, physical activity, cigarette smoking and alcohol con-
sumption. Height was measured to the nearest 0.1 cm using a Harpenden
stadiometer (Chasmors Ltd, London, UK) and weight to the nearest 0.1 kg
on an SECA ﬂoor scale (Chasmors Ltd, London, UK). Three hundred and
thirteen (97%) of the men and 318 (99%) of the women also underwent
a pQCT scan. There were 295 men and 288 women for whom all the rel-
evant knee X-rays, pQCT measures and adjustment variables were
available.pQCTpQCT measurement of their non-dominant tibia was done using a Stratec
XCT-2000 instrument (Stratec, Pforzheim, Germany). The non-dominant
limb was chosen to minimise the local biomechanical effects of the dominant
limb on the estimate of bone size and density. The tibia was scanned at the
4, 14 and 38% sites [Fig. 1(a,b)]. Measurement precision error, expressed as
a coefﬁcient of variation, ranged from 0.88 (tibial total density, 4% slice) to
8.8% (total radial area, 66% slice), but was typically around 1e3%. These
ﬁgures were obtained by 20 volunteers who were part of the study
Fig. 1. (a) Sites of scanned tibia (tibial total area), (b) image of
pQCT tibial print out.
Table I
Clinical and pQCT characteristics at follow-up visit
Men (n¼ 295) Women (n¼ 288)
Age (years) 64.5 (2.5) 66.5 (2.7)
Height (cm) 174.2 (6.5) 161.2 (6.0)
Weight (kg) 80.1 (10.9) 69.1 (11.9)
BMI* 26.2 (1.1) 26.2 (1.2)
Alcohol consumption
(units per week)y
9.7 (2.9, 20.5) 2.5 (0.5, 7.0)
Tibia total density
4% Slice (mg/cm3) 305 (39) 262 (46)
Tibia trabecular density
4% Slice (mg/cm3) 242 (36) 220 (45)
Tibia cortical density
14% Slice (mg/cm3) 1099 (32) 1043 (54)
38% Slice (mg/cm3) 1156 (26) 1142 (37)
Tibia polar SSI
14% Slice (mm3) 1940 (305) 1306 (235)
38% Slice (mm3) 2072 (328) 1399 (229)
Tibia fracture load
x (n) 4771 (811) 3240 (561)
y (n) 4076 (686) 2636 (454)
Tibia total area
4% Slice (mm2) 1391 (163) 1129 (126)
14% Slice (mm2) 570 (78) 476 (65)
38% Slice (mm2) 480 (52) 377 (43)
175Osteoarthritis and Cartilage Vol. 17, No. 2undergoing two scans on the same day, the limb repositioned in the machine
between examinations. Bone strength was estimated with respect to torsion
[polar strength strain index (SSI)] or bending with respect to the X or Y axis
(fracture load x and fracture load y).Tibia cortical area
14% Slice (mm2) 201 (26) 137 (24)
*Geometric mean (SD).
yMedian interquartile range (IQR) among drinkers. Seven men
and 51 women stated that they do not drink alcohol.Radiographs
Weight bearing anteroposterior and lateral semi-ﬂexed
radiographs of both knees were taken at the same hospital
using the same radiographic equipment; a standard tube to
ﬁlm distance of 100 cm was used. Subjects who were tak-
ing or had previously had bisphosphonate treatment were
excluded.
Radiographs were graded at the tibio-femoral and pa-
tello-femoral joints for osteophytes and scleroses individu-
ally using a standard atlas and the Kellgren and Lawrence
(K&L) score was determined. Two trained readers graded
the radiographs; the intra Operator Variability for K&L grad-
ing was good with kappas of 1.00 for the presence of OA
and 0.52e0.53 for individual K&L grades at the tibio-femoral
joint. A K&L grade 2 was deﬁned as deﬁnite OA.Statistical methods
In order to assess whether there were any associations
between the various pQCT measures and K&L grade, uni-
variate linear regression analyses were performed with
the K&L grade (treated as a continuous trend variable) as
the explanatory variable (i.e., the independent variable)
and each of the pQCT measures in turn as the outcome
(i.e., the dependent variable). These analyses were re-
peated, adjusting for age and body mass index (BMI).
The statistical software package STATA, version 10 (Stata
Corp, 4905 Lakeway Drive, College Station, TX 7784, USA)
was used throughout to conduct these regression analyses
and to summarise the data.Results
The mean age of the men and women studied was 64.5
and 66.5 years, respectively. Their height, weight, BMI,alcohol consumption and physical activity are shown in
Table I along with the mean (SD) pQCT measures. Of the
men, 11.5% were current smokers, 39.3% had never
smoked and the remaining 49.2% were ex-smokers. For
women, 7.6% were current smokers, 63.5% had never
smoked and 28.8% were ex-smokers. Two percent of
men and 18% of women were non-drinkers, while 22% of
men and 3% of women drank more than the recommended
units of alcohol per week (>21 units for men, >14 units for
women). There were no signiﬁcant differences between fol-
low-up participants and non-participants (data not shown).
The prevalence of radiographic tibio-femoral OA (K&L 2)
was 14.8% overall (17.3% in men and 12.2% in women).
Table II shows the mean (SD) of the various pQCT mea-
sures by K&L grade along with the P-values derived from
the regression analyses. Increasing K&L grade at the
tibio-femoral joint in men was associated with increasing
tibia polar SSI at the 38% slice (regression coefﬁcient
59 mm3 [95% CI 18, 101], P¼ 0.005), tibia fracture load
x (regression coefﬁcient 142 [95% CI 39, 245], P¼ 0.007)
and tibia fracture load y (regression coefﬁcient 139 [95%
CI 53, 225], P¼ 0.002).
An increasing K&L grade was also accompanied in men
by an increase in the mean tibial total area at the 38% slice
(regression coefﬁcient 7.9 mm2 [95% CI 1.3, 14.5],
P¼ 0.018) and tibial cortical area at the 14% slice (regres-
sion coefﬁcient 3.9 mm2 [95% CI 0.6, 7.1], P¼ 0.020). We
also repeated these analyses using the K&L grade and
the pQCT from the same non-dominant tibia and the results
were essentially unchanged with the mean tibial total area
at the 38% slice (regression coefﬁcient 7.5 mm2 [95% CI
0.1,15], P¼ 0.048) and tibial cortical area at the 14% slice
Table II













4% Slice (mg/cm3) 302 (37) 308 (43) 318 (43) 305 (33) 0.320 0.075
Tibia trabecular density
4% Slice (mg/cm3) 240 (36) 240 (40) 250 (38) 247 (26) 0.443 0.053
Tibia cortical density
14% Slice (mg/cm3) 1099 (31) 1096 (34) 1104 (33) 1107 (24) 0.315 0.039
38% Slice (mg/cm3) 1158 (25) 1151 (29) 1154 (28) 1163 (16) 0.941 0.025
Tibia polar SSI
14% Slice (mm3) 1907 (295) 1978 (281) 1948 (365) 2095 (331) 0.063 0.055
38% Slice (mm3) 2021 (301) 2142 (306) 2055 (382) 2320 (426) 0.005 0.063
Tibia fracture load
x (n) 4637 (743) 4983 (807) 4723 (881) 5298 (1014) 0.007 0.056
y (n) 3955 (666) 4249 (572) 4012 (776) 4682 (754) 0.002 0.089
Tibia total area
4% Slice (mm2) 1394 (166) 1392 (165) 1348 (125) 1455 (184) 0.958 0.002
14% Slice (mm2) 567 (78) 576 (74) 563 (81) 599 (85) 0.422 0.018
38% Slice (mm2) 472 (50) 493 (47) 474 (58) 514 (50) 0.018 0.051
Tibia cortical area
14% Slice (mm2) 197 (26) 206 (22) 202 (27) 213 (34) 0.020 0.080
*Adjusted for age and BMI.
176 M. Abdin-Mohamed et al.: Volumetric BMD of the tibia(regression coefﬁcient 4.6 mm2 [95% CI 0.9, 8.2],
P¼ 0.014).
Women demonstrated similar signiﬁcant changes in
these variables in univariate analyses, with signiﬁcant asso-
ciations for tibial trabecular density at the 4% slice, polar
SSI 38%, tibial fracture loads x and y and tibial total area
38%. These associations remained statistically signiﬁcant
after adjustment for age and height, but became non-signif-
icant on adjusted for either weight or BMI (Table III).
Increasing radiographic patello-femoral K&L grade
showed no signiﬁcant associations with bone density,
strength or size in either men or women.Table I







4% Slice (mg/cm3) 259 (46) 269 (42)
Tibia trabecular density
4% Slice (mg/cm3) 216 (46) 226 (41)
Tibia cortical density
14% Slice (mg/cm3) 1043 (56) 1042 (48)
38% Slice (mg/cm3) 1142 (39) 1140 (33)
Tibia polar SSI
14% Slice (mm3) 1295 (242) 1306 (199)
38% Slice (mm3) 1381 (228) 1405 (208)
Tibia fracture load
x (n) 3189 (567) 3264 (499)
y (n) 2601 (442) 2640 (432)
Tibia total area
4% Slice (mm2) 1130(127) 1110 (107)
14% Slice (mm2) 473 (66) 473 (58)
38% Slice (mm2) 373 (43) 380 (36)
14% Slice (mm2) 136 (24) 140 (21)
*Adjusted for age and BMI.Discussion
In this study we have shown for the ﬁrst time that bone
size in men, quantiﬁed by the cross-sectional area of the
bone, together with polar SSI and fracture loads, is in-
creased with increasing K&L grade and that these factors
together lead to increasing strength of the bone. We have
also demonstrated that volumetric BMD as assessed by
pQCT is not increased with increasing K&L grade.
Previous studies have shown that patients with ROA
have an increased areal BMD as assessed by DXA
scan15e17. These studies, however, have used arealII








265 (56) 281 (51) 0.554 0.126
225 (49) 245 (51) 0.284 0.109
1043 (65) 1050 (20) 0.530 0.079
1139 (38) 1145 (16) 0.752 0.005
1333 (249) 1468 (281) 0.543 0.087
1457 (248) 1169 (269) 0.136 0.076
3379 (572) 3700 (652) 0.051 0.065
2776 (540) 2928 (504) 0.293 0.113
1153 (161) 1189 (112) 0.718 0.013
495 (68) 506 (69) 0.212 0.020
387 (49) 411 (52) 0.104 0.076
135 (27) 143 (28) 0.438 0.117
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which may falsely elevate areal BMD. This is the ﬁrst study
to measure pQCT in subjects with ROA and as such further
research in other cohorts is required to conﬁrm these ﬁnd-
ings. In particular, it would be useful to explore this associ-
ation in subjects with OA at other joints and to measure
pQCT in other sites. Additionally, there is now increasing
evidence that bone marrow lesions, oedema and subchon-
dral bone changes are important in progression of knee
OA20,21 and it would be interesting to obtain pQCT from
these areas to assess the effect of these lesions on bone
density. Provisional results, however, have shown that
changes in bone size and geometry are associated with
OA: in the Study of Osteoporotic Fractures, an increased
femoral neck width and a lower centroid position are asso-
ciated with incident radiographic hip OA (Osteoarthritis and
Cartilage 2007; 15 (Suppl C): C16) and in a group of 149
women who underwent magnetic resonance imaging
(MRI) and knee radiographs, tibial plateau area was associ-
ated with an increasing radiographic grade of OA18. It is cur-
rently uncertain whether these changes precede OA or are
early manifestations of OA and warrants further
investigation.
As bone size increases with increasing K&L grade, one
would expect an increase in the load required to fracture
the bone. We found an increased fracture load in both
the x and y axes as well as an increased stress strain in-
dex in the tibia. Animal studies12 and cadaveric studies10
have shown that pQCT is accurate in measuring mechan-
ical bending stiffness in bone. Interestingly these mea-
sures of bone strength increased with increasing grades
of K&L, suggesting a greater degree of bone strength for
advancing grades of OA. It is difﬁcult in a cross-sectional
study to know whether this is a cause and affect relation-
ship or whether it is due to common environmental or
genetic determinants.
This study has several strengths and potential limita-
tions. It is a population-based sample from the Hertford-
shire Cohort Study, which has been shown to be
representative of the population of England and Wales
for social and environmental factors19. In this follow-up
study of the cohort, we found an unexpected higher rate
of radiographic knee OA in men than women, an observa-
tion also noted in several other cross-sectional studies22,23
and by Wang24, this may be explained by the larger tibial
bone size in men. However, these results should be re-
peated in other population-based studies. Other potential
limitations are that we have a narrow age-group of patients
who are all Caucasian in origin, and therefore, cannot gen-
eralise these results to patients of different ages or to other
ethnic groups. As the data is cross-sectional, it does not
allow us to identify a causal or temporal relationship.
However, this should stimulate further work in this area
and our results can be tested and veriﬁed in a longitudinal
prospective study.
In conclusion, we have demonstrated using pQCT, that
radiographic knee OA is not associated with an increase
in trabecular or cortical volumetric bone density at the tibia,
but is associated with an increase in cross-sectional area
and thus it can be postulated that the increase in areal
BMD demonstrated by DXA is likely to be artefactual.Conﬂict of interest
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